In Lake Simcoe, a large lake in southern Ontario, Canada, with more than 50% of its surface area <15 m deep, dreissenid mussels are abundant in the extensive nearshore zone but not offshore. We hypothesized that mussel grazing would depress chlorophyll a (Chl-a) concentrations in the nearshore compared to the offshore while alleviating nearshore phosphorus (P) deficiency through nutrient regeneration. During both years of our study Chl-a concentration and other indicators of phytoplankton biomass, including particulate carbon (C), nitrogen, P, and silicon, were lower in the nearshore areas of Lake Simcoe where the exotic invader Dreissenia polymorpha was in contact with overlying epilimnetic water. In the first year of our study, grazing and associated nutrient regeneration activity seemed to reduce P deficiency in phytoplankton in the dreissenid-impacted shallow locations. In the second year, however, phytoplankton in the nearshore dreissenid-affected areas remained as strongly P deficient as phytoplankton in offshore waters physically separated from dreissenid grazing. Photoacclimation in the nearshore phytoplankton was evident in higher particulate C:Chl-a ratios and higher effective absorptive cross section of photosystem II (σ PS II ) throughout the stratified sampling season compared to offshore phytoplankton. A multiple linear regression utilizing the mean light intensity in the mixed layer as well as total P (TP) resulted in better predictions of Chl-a than TP alone. We conclude that, in shallow lakes where transparency is strongly impacted by dreissenid grazing, the comparison of Chl-a-TP relationships over time will require accounting for the effect of changing transparency.
Introduction
The impact of phosphorus (P) reduction and dreissenid grazing on algal populations can be difficult to distinguish because both processes can reduce chlorophyll (Chl) concentrations, P reduction through nutrient limitation of algal biomass (Schindler 1977 , Hakanson et al. 2007 and dreissenid impact through grazing (Lavrentyev et al. 1995, Higgins and Vander Zanden 2010 ). An additional potentially confounding problem is that dreissenid mussel grazing can increase water transparency, especially in the shallow waters of lakes, and the altered light environment can affect phytoplankton physiology. For example, algae can adapt to high light intensities by reducing cellular Chl (Falkowski and Raven 2007) or through other photophysiological characteristics such as increasing efficiency of photosynthesis at low light (Behrenfeld et al. 2004) . Dreissenid filtering can also alter the seston stoichiometry by selective P retention (Naddafi et al. 2008) , thereby reducing P availability in the nearshore; or conversely, P regeneration (Ozersky et al. 2009 ) may increase availability. The complexity of these impacts on availabil-ity of P and light may potentially alter the relationship between P and Chl in lakes.
The nearshore shunt hypothesis proposed in Hecky et al. (2004) states that filtering by dreissenid mussels can restructure how P is cycled within lakes. Filtering by dense populations of dreissenids can simultaneously reduce phytoplankton abundance and increase water transparency. Dreissenids also excrete dissolved bioavailable nutrients and produce feces and pseudofeces, which can regenerate nutrients through microbial degradation in the nearshore environment. These processes can promote benthic algal growth, and the nearshore shunt hypothesis has been invoked to explain the resurgence of the nuisance filamentous green alga Cladophora glomerata in extensive areas of lakes Erie, Ontario, and Michigan (Hecky et al. 2004 , Auer et al. 2010 ) after dreissenid invasion.
Phosphorus loading regulation has been the cornerstone of freshwater eutrophication remediation since the 1970s Rigler 1974, Janse et al. 2010) ; however, the introduction of the exotic dreissenid mussels in the late 1980s to the lower Laurentian Great Lakes (Herbert et al. 1989 , Mills et al. 1993 and their subsequent spread to the upper lakes and to inland lakes (Brown and Stepien 2010 ) may make it difficult to unequivocally demonstrate the continued effectiveness of P control (Dzialowski and Jessie 2009) . Because P regulation is complex and expensive, it is critical that limnologists are able to demonstrate that P control continues to be an effective method to control and reduce excessive algal growth.
We designed a study to understand the interactive effects of mussel invasion and P reduction in Lake Simcoe, southern Ontario's largest lake after the Great Lakes. The lake has attracted settlers with their associated land clearing, agriculture, and fishing activities for more than 200 years, resulting in increased P loading that peaked in the 1950s (Evans et al. 1996) . Beginning in 1984 , with the diversion of sewage effluent from 2 towns lying to the south of Lake Simcoe, P control has been an important focus for lake managers, and improvements in water quality have been documented (Evans et al. 1996 , Eimers et al. 2005 , Winter et al. 2007 . By the mid-1990s, dreissenid mussels were well established in Lake Simcoe (Evans et al. 2011 , Ozersky et al. 2011 , and their lake-wide average biomass (27.2 g m −2 shell-free dry weight) was on the order of that reported for heavily infested Lake Erie in 2002 (Patterson et al. 2005) .
We posed the following hypotheses to distinguish between the impact of dreissenid grazing and reduction in external P loading on algal populations in Lake Simcoe:
1. Chlorophyll and other indicators of phytoplankton biomass, including particulate carbon (PC), nitrogen (N), and P, will be lower at locations in Lake Simcoe where dreissenid mussels have access to the mixed layer. 2. Phytoplankton will be less P deficient in areas impacted by dreissenid grazing because dreissenids regenerate nutrients and grazing reduces phytoplankton nutrient demand. 3. In well-illuminated, shallow inshore waters, phytoplankton will photoacclimate to the increased light intensity by reducing their Chl content. This photoacclimation will result in higher ratios of C:Chl in the nearshore compared to the offshore. 4. Chlorophyll concentration in Lake Simcoe will be better predicted by a model incorporating information about the light environment as well as P availability.
We tested these hypotheses by examining the Chl and seston concentrations at shallow nearshore locations where dreissenids have continuous access to the mixed layer compared to deeper locations where the thermocline and reduced bottom turbulence can limit access to phytoplankton by grazing mussels (Ackerman et al. 2001) . We interpreted these Chl and seston measurements in relation to physical and chemical data collected during the study. In addition, we used measures of active fluorescence (Kolber and Falkowski 1993) to determine if phytoplankton in shallow waters subjected to dreissenid grazing exhibit photoacclimation to a higher light environment or altered photophysiology in response to increased nutrient supply.
Study site
Lake Simcoe is a large lake (722 km 2 ) located in southern Ontario, Canada (Palmer et al. 2011 ), connected to both Lake Ontario and Lake Huron by the Trent-Severn canal system (Fig. 1) . The lake has a relatively small drainage area (2899 km 2 ) and long residence time (11 years), both factors that under natural conditions would be expected to result in relatively low external nutrient loading and high rates of nutrient retention; however, the mean depth of the lake (14 m) and the average depth of the mixed layer (approximately 15 m during the midsummer months of our 2-year study) ensure that a large portion of the lake's volume occurs in the seasonal epilimnion. A large portion of the eastern half of the lake and most of Cook's Bay (Fig. 1) is shallow enough to prevent the establishment of persistent stratification. Although wind events that tilt the themocline may lead to a shallower mixed layer depth temporarily, these conditions do not persist at sites <15 m; Nearshore-offshore differences in planktonic chlorophyll and phytoplankton nutrient status after dreissenid establishment Inland Waters (2013) 3, pp. [253] [254] [255] [256] [257] [258] [259] [260] [261] [262] [263] [264] [265] [266] [267] [268] and therefore, at sites <15 m the sediments are essentially in continuous association with the mixed layer throughout the year. The proportion of the total lakebed <15 m deep is 51%. The greatest depths in Lake Simcoe (>40 m) occur in Kempenfelt Bay, but this bay accounts for only a relatively small area (6%) of the lake.
Methods

Study design
This study was part of a larger project conducted by a group from the University of Waterloo in 2006 and 2007 to determine whether the nearshore shunt (Hecky et al. 2004 ) is operating in Lake Simcoe in response to the invasion of dreissenid mussels. Concern about the possible impact of dreissenid mussels on Lake Simcoe prompted this and associated studies to determine impacts on nearshore environments. Dreissenids were first observed in Lake Simcoe on a boat hull in 1991 and were well established lakewide by 1995 (Evans et al. 2011) . As part of the larger project, Depew et al. (2011a Depew et al. ( , 2011b examined macrophyte and benthic algae biomass and distributions, and Ozersky et al. (2011) described dreissenid biomass and distribution in Lake Simcoe in 2006 and 2007.
Our current study compared nearshore and offshore locations in Lake Simcoe to determine the spatial impact of dreissenids on phytoplankton biomass, nutrient status, and photophysiology. Ten new stations in the shallower eastern portion of the lake were established for the study and combined with 12 historical Ontario Ministry of the Environment (OMOE) stations (Fig. 1) . All the new stations with the exception of Station 900 (20 m) were ≤10 m in depth. In 2006, the first year of our study, only the new stations were sampled during May 2006 while all 22 stations were sampled in August. In 2007, all 22 stations were sampled in May, July, and August.
We assumed that phytoplankton in areas where the mixed layer extended to the lake bottom would be available to dreissenid grazing, while phytoplankton in the deeper areas where the mixed layer was underlain by the thermocline would be vertically isolated from dreissenid grazing. Given that the average summer mixed layer depth in Lake Simcoe was ≤15 m deep, the 22 stations were analyzed with respect to those stations <15 m (nearshore; 12 stations) versus >15 m (offshore; 10 stations) maximum depth to determine the effect of exposure to dreissenid grazing. The choice of 15 m was based on our observations of midsummer mixed layer depth at the deeper offshore stations and lack of stratification at stations that were <15 m deep in 2006. cosine sensor (LI-COR, Lincoln, USA), and the vertical attenuation coefficient (k d ) was calculated from the linear regression of the natural logarithm of the PAR measurements in the water column. Mean light intensity in the mixed layer, expressed as a percent of surface light for each station, was calculated from the depth of the mixed layer (or bottom depth if the water column was isothermal) k d using the equation given in : (1) where I Z m is the mean light intensity in the mixed layer expressed as a percent of surface light, I s is the surface light (100%), Z m is the depth of the mixed layer, and k d is the vertical light extinction coefficient.
Secchi disk depth was measured but not recorded when the Secchi disk was visible on the lake bottom. Vertical light extinction measurements were made at most of the stations sampled in May and August of 2006 and in We recognize that the bottom of the mixed layer can be moved by wind set up and seiches, and in August 2007 following a day of heavy winds, we did observe a mixed layer depth <15 m at 2 of our "shallow" stations on the south east coast while mixed layer depths >15 m were observed at the north west side of the lake. These excursions did not persist, however, and the mean depth of the mixed layer at that time was 15 m.
Physical measurements
At each station, continuous (surface to maximum station depth) water temperature and Chl concentration estimated from in situ fluorescence were both measured with a FluoroProbe profiling spectrofluorometer (bbe Moldaenke, Schwentinental, Germany). The depth of the mixed layer was defined as the depth over which temperatures varied by >1 °C m −1 , disregarding shallow diurnal heating if present (e.g., Fig. 2 ). Photosynthetically available radiation (PAR) was measured using a LICOR 
Chemistry
Mixed-layer water samples were taken from a depth equal to 50% of the mixed layer depth using a Niskin sampler. Water was analyzed for dissolved and particulate nutrients including soluble reactive P (SRP), total dissolved P (TDP), total P (TP), particulate P (PP), ammonia (NH 3 ), nitrate and nitrite (NO 3 , NO 2 ), total N (TN), PC, particulate N (PN), soluble reactive silica (SiO 2 ), and particulate Si (PSi). Analysis methods followed Stainton et al. (1977) with the exception of NH 3 , which followed the method of Holmes et al. (1999) . Chlorophyll a (Chl-a) was measured fluorometrically following overnight extraction of GF/F filters in 90% acetone. For total Chl-a, whole water was passed through a GF/F filter, and for picophytoplankton size, Chl-a water was passed through a 2 µm polycarbonate filter before being passed through a GF/F filter. In 2007 phaeophytin was measured as in Silsbe et al. (2012) . Total suspended solids (TSS) were determined by filtering 2-5 L of lake water onto precombusted (500 °C for 4 h), preweighed GF/F filters and drying at 65 °C to a constant weight. Ash free dry weight (AFDW) was determined by weighing the same filter after the organic material on the filter was combusted at 500 °C for 4 h.
Nutrient status
The ratio of particulate nutrients in seston samples can be used to indicate the nutrient status of phytoplankton (Guildford and Hecky 2000, North et al. 2007) . In this study, ratios of particulate C:P, N:P, C:N, and C:Chl in water samples collected from Lake Simcoe were compared to threshold ratios indicative of no, moderate, or extreme nutrient deficiency as defined by Hendzel (1979, 1980) for a variety of phytoplankton species grown in unialgal culture under different growth rates limited by either P or N.
Active Fluorescence
Photosynthetic parameters can provide information about the condition of phytoplankton with respect to both nutrient and light status. The dark-adapted quantum yield of photosystem II (F v /F m ) has been reported to vary with species composition, light history, and nutrient stress (Juneau and Harrison 2005 , Behrenfeld et al. 2006 , Pemberton et al. 2007 , Havens et al. 2012 , and the effective absorption cross section of photosystem II (σ PS II ) has been reported to be sensitive to light history (Falkowski and Raven 2007) . F v /F m and σ PS II were quantified as in Silsbe et al. (2012) in dark-adapted (~30 min) samples using a Chelsea FASTracka Fast Repetition Rate Fluorometer (FRRF, Mark I, Chelsea Technology Group, SN 182055) operated in bench-top mode. Water samples were stored in darkened 60 mL polycarbonate bottles in a lakewater cooler until processing. F v /F m values were computed using an updated version of the V6 software (run in Matlab, MathWorks, Natick, USA) provided by Sam Laney, which is an updated version of the V5 program (Laney 2003) . Raw data were quality controlled by eliminating any data collected on gains higher than 16 and corrected for instrument noise.
Station-specific filtered blanks were collected in darkened 60 mL polycarbonate bottles directly from the Niskin sampler, stored in a cooler, and used to correct the fluorescence signal for dissolved substances. Upon return to the laboratory, blanks were filtered using a peristaltic pump and a pleated cartridge filter (polysulfone membrane; 0.2 µm pore size, Pall Corporation, Michigan, USA) and run on the same instrument gain as the samples with the FRRF in bench-top mode. No significant differences were found between the blank filtration procedure described above and parallel gravity filtration through 0.2 µm polycarbonate membrane filters (data not shown). In addition, we further corrected F v /F m for fluorescence due to phaeophytin as recommended by Fuchs et al. (2002) . The active fluorescence measurements for these analyses were only available for 2007.
Data analysis
Data from 3 sampling dates were omitted because particulate C, N, and P, and AFDW concentrations were considered to be outliers within the dataset. The omitted concentrations were more than 3 times the standard deviation from the mean of all the data. These data, which were from the shallow station in Cook's Bay (C1, in July and August 2007) and the shallow station 902 in August 2007 near Georgina Island, may have been strongly affected by sediment resuspension at the time of sampling. Data from 2007 were examined for seasonal (month) and spatial (nearshore vs. offshore) differences, for evidence of the interaction of these 2 factors using a 2-way analysis of variance (ANOVA), and by visually comparing seasonal plots of the means and standard error (SE) for each month.
Data from the August 2006 and 2007 surveys were also examined for year to year and nearshore versus offshore differences using a 2-way ANOVA. Data were log transformed if they did not have a normal distribution. Simple linear regressions between Chl and TP and differences by month demonstrated that only Chl-a in July and August, PN in August, and AFDW in July were significantly different between nearshore and offshore stations (Table 1) . None of the sestonic variables was significantly different between nearshore and offshore for the month of May. The 2-way ANOVA for the 2006 and 2007 August surveys indicated significant year to year differences in sestonic concentrations of PC, PN, and PP (Table 2 ) and significant nearshore versus offshore differences for all the seston concentrations relatable to phytoplankton (Chl-a, PC, PN, PSi, and AFDW) with the exception of PP. The pairwise comparison revealed that the nearshore versus offshore difference in August was significant for both years for Chl-a, PC, and PN, and for PSi in 2006 (Table 2) .
In May 2007, the picoplankton-sized Chl-a (< 2.0 µm) between Chl and light intensity were performed using all data from 2006 and 2007 for which we had k d measurements. A multiple linear regression among the 3 variables was also performed on the combined dataset. All statistical analyses were done using SYSTAT v12 (Systat Software, Chicago, USA).
Results
Chlorophyll a and sestonic nutrients
There was significant monthly variation in Chl-a, PC, PN, PP, and PSi ( Fig. 3 ; Table 1 ) and a significant difference between nearshore and offshore stations for the same suite of seston variables as well as for AFDW (Table 1) . A pair-wise comparison examining nearshore-offshore (Table 1) . TN and NO 3 were drawn down over the summer while NH 3 increased significantly ( Fig. 4 ; Table 1 ). Despite the drawdown in TN, the sum of the dissolved inorganic nitrogen species (NO 3 + NH 3 ) was little changed over the summer. Soluble reactive SiO 2 was higher in May 2007 compared to July and August (Table 1) but was not different between nearshore and offshore stations. When the 2 years were compared for August, we observed that SiO 2 was significantly different year to year and in 2006 the nearshore was significantly lower than the offshore (Table 2) ; however, SiO 2 concentrations (mean 1106 µg L −1 ± 401 SE for all data) were never drawn down to levels that might be expected to limit the growth of most diatom taxa (nominally 140 µg L −1 ; Ragueneau et al. 2000) .
Nutrient status
Dreissenid filtering did not seem to reduce P deficiency in nearshore stations in 2007 as measured by seston stoichiometry (Fig. 5) . Phytoplankton in both the nearshore and offshore of Lake Simcoe were P deficient in May and continued to be P deficient as the summer progressed. The C:P and N:P ratios did not show significant variation by month or between nearshore and offshore locations. When comprised about 25% of total Chl-a at all stations but was a significantly higher proportion in July ( Fig. 3 ; Table 1 ). The nearshore proportion of picoplankton-sized Chl-a was also significantly higher in August 2006 but not in August 2007 (Table 2) . Nearshore seston also differed from offshore seston in that its Chl-a fluorescence was composed of a higher proportion of phaeophytin (Fig. 3) and was significantly higher in August 2007 ( Fig. 3 ; Table  1 ). Phaeophytin was not measured in 2006. In 2007 the ratio of Chl-a to TP was significantly lower at nearshore stations during the months of July and August ( Fig. 3 ; Table 1 ), and nearshore was significantly lower than offshore in August of both years (Table 2) .
In contrast to Chl-a and sestonic variables, measures of TP and TN did not exhibit a consistent difference between nearshore and offshore stations in 2007 ( Fig. 4 ; Table 1 ), although they did exhibit significant monthly variation (Table 1) . Similarly, when TN and TP were compared between the 2006 and 2007 August surveys, there were no significant differences between nearshore and offshore stations, but there was a significant difference by year (Table 2) .
Total dissolved P and SRP did not exhibit any significant seasonal or nearshore offshore differences in 2007 (Fig. 4) . When the 2 years were compared for August, SRP was significantly higher in 2007 (Table 2) , but there were no significant nearshore offshore Table 2 ). The C:N ratio, which can be indicative of N deficiency, was similar for both nearshore and offshore stations in all months (Fig. 5) , but there was significant monthly variation (Table 1) . In contrast to the indicators of P deficiency, the C:N ratio indicated phytoplankton were on or near the border of no to moderate N deficiency. The C:Chl ratio was significantly higher in the nearshore in July and August 2007 ( Fig. 5; Table 1 ) and was significantly higher in the nearshore in August 2006 and 2007 (Table 2) .
Light
In 2006 and 2007, the water in both nearshore and offshore Lake Simcoe was relatively transparent as indicated by Secchi disk depth (mean of all measurements 6.7 ± 2.0 m) while 56 of 65 k d measurements were 0.5 m −1 or less. Higher values of k d were observed at very shallow stations on windy days (Fig. 6) . Secchi disk transparency varied by month, with the lowest values recorded in August (Fig. 6 ). Transparency as indicated by Secchi disk depth and k d was not very different between nearshore and offshore stations in all months. Because the depth of the mixed layer was constrained by bottom depth and was therefore shallower in the nearshore, the mean water column light intensity was substantially higher at the nearshore stations (Fig. 6) . Phytoplankton circulating in the mixed layer of nearshore stations on average would have received 45% of surface irradiance in contrast to offshore stations, where mean light dose was about 20%.
Active Fluorescence
There was significant monthly variation in both the dark-adapted quantum yield of PSII (F v /F m ) and in the effective absorption cross section of PSII (σ PSII ; Fig. 5 ; Table 1 ); F v /F m was lowest in May. In July and August the dark-adapted yield increased, especially in the offshore stations, although the difference between nearshore and offshore was not significant in any month (Table 1) . The σ PSII decreased over the summer at both nearshore and offshore stations. In July and August, σ PSII was higher in the shallow nearshore compared to the offshore, but the difference was not statistically significant (Table 1) . Hendzel 1979, 1980) . For the panels depicting C:P, C:N, and C:Chl ratios, below the lower line indicates sufficiency, between the lower and upper line indicates moderate deficiency, and above the upper line indicates extreme deficiency. For the panel depicting N:P, ratios above the line are indicative of P deficiency and ratios below are indicative of P sufficiency. Following these criteria, C:P and N:P are indicative of P deficiency, C:N of N deficiency, and C:Chl of general nutrient deficiency. Nearshore-offshore differences in planktonic chlorophyll and phytoplankton nutrient status after dreissenid establishment Inland Waters (2013) 3, pp. 253-268
Chlorophyll prediction from TP and mean light intensity
Combining nearshore and offshore measurements from all stations from both years when k d measurements were available produced a statistically significant but weak relationship between TP and Chl-a (Fig. 7 , top panel; p < 0.001, R 2 = 0.233, n = 64). Using the same set of samples, mean light intensity in the mixed layer was significantly negatively related to Chl-a (Fig. 7 , middle panel; p < 0.001, R 2 = 0.343, n = 64). When both TP and mean light intensity in the mixed layer were regressed on Chl-a (Fig. 7, lower panel) , the variability in Chl-a explained increased (p < 0.001, R 2 = 0.496, n = 63).
Discussion Evidence that indicators of phytoplankton biomass are lower in the nearshore
In 2007, Chl-a and most of the particulate nutrient concentrations that are usually highly correlated to phytoplankton biomass (PC, PN, PP, PSi, and AFDW), were lower on average at shallow stations (Fig. 3) ; however, the wide range in the monthly concentrations meant that the differences between nearshore and offshore locations were not statistically significant. The 2-way ANOVA post hoc pairwise comparison showed that when nearshore and offshore were compared for individual months, only Chl-a, PN, and AFDW were statistically lower nearshore in one or more months (Table 1) . None of the variables tested was statistically different in May. In May, the water column was not stratified, and so it is not surprising that we did not observe differences between nearshore and offshore locations. (Table 2) .
Taken together, these results support our hypothesis that phytoplankton biomass in the nearshore of Lake Simcoe is lower than the offshore during the stratified summer season. We did not measure dreissenid grazing and so cannot conclude that the lower concentrations of particulate nutrients and Chl-a were due solely to dreissenid grazing; however, the higher proportion of Chl-a phaeophytin in the nearshore in 2007 (Fig. 3) was also indicative of higher nearshore grazing pressure. Phaeophytin and other Chl degradation products are often used as a measure of grazing on phytoplankton (Szymczak-Zyla et al. 2006 ). When Chl is no longer contained in intact living cells it degrades to form phaeophytin, which is essentially a similar molecular structure to Chl but lacking the element Mg. Collectively these data suggest that dreissenid grazing may have substantially reduced nearshore phytoplankton abundance.
Similar results were found in a comparison of nearshore and offshore stations along the dreissenidinfested north shore of the eastern basin of Lake Erie between 2001 and 2003 where Chl-a, PC, PP, and PSi were significantly lower in the nearshore compared to the offshore ). In the relatively large (207 km 2 ) but shallow (6.8 m) and isothermal Oneida Lake (New York, USA), dreissenids significantly increased grazing pressure on phytoplankton by 100%, significantly reduced Chl-a concentrations by 50%, and significantly increased Secchi disk transparency (Idrisi et al. 2001) . As in our study, Idrisi et al. (2001) did not observe a significant decline in TP or SRP.
In deeper Lake Simcoe, which does stratify seasonally, Chl-a and TP measurements have been made by the OMOE since 1980. Young et al. (2011) examined 8 OMOE stations for evidence of dreissenid impacts and reported that Chl-a did not seem to have decreased postdreissenid establishment at 7 of the 8 stations, 6 of which were >15 m deep. Their findings coincide with our results suggesting that deeper stations are less impacted by dreissenid filtering than shallow stations. Young et al. (2011) did report lower Chl-a at their shallowest station C1 (2 m) post dreissenids but not at Station E51 (10 m), which was one of our nearshore stations. Our study, as well as others cited, demonstrate the importance of monitoring nearshore as well as offshore locations in lakes with extensive shallow water areas experiencing anthropogenic impacts.
Impacts of dreissenid grazing on P deficiency in nearshore phytoplankton
The nearshore shunt hypothesis states that phytoplankton in locations exposed to dreissenid grazing will have lower abundance due to grazing but greater access to dissolved nutrients excreted by dreissenids, and will therefore be less nutrient deficient than phytoplankton in offshore waters isolated from the impacts of dreissenids (Hecky et al. 2004 ). We did not detect significant differences in dissolved forms of N or P in the nearshore stations, possibly because there were no detectable differences in dissolved N and P as a result of nutrient excretion by dreissenids, or because uptake of dissolved N and P into seston or to the benthic algae occurs rapidly with no detectable change in lakewater dissolved N or P concentrations over the time scales of our study.
The only dissolved nutrient that was significantly lower in the shallower sites was Si in August 2006. Indicators of nutrient status (C:P, N:P) were quite variable by month and year, and we did not detect significant differences in 2007 between nearshore and offshore locations. When we compared only the August surveys completed in both years, however, we did observe a significant decrease in P deficiency at the nearshore stations in 2006. North et al. (2012) reported a similar reduction in C:P at nearshore sites in Lake Erie. In August 2006 the epilimnetic temperatures were ~5 °C higher than in 2007 (Fig. 2) ; this temperature difference would be expected to contribute to earlier, more stable stratification and more nutrient deficient phytoplankton populations by August, which would also be consistent with the greater drawdown of PSi in August 2006. These more nutrientdeficient phytoplankton may have benefited more from dreissenid nutrient regeneration in 2006 than in the cooler 2007. Further study is warranted to determine if warmer temperatures could exacerbate the impacts of dreissenids on phytoplankton nutrient status.
The F v /F m has been demonstrated to decrease as algae become nutrient stressed in batch culture, and it has been used as an indicator of nutrient stress in natural populations (Suggett et al. 2009 ), although quantum efficiency is also sensitive to taxonomic composition. In our study, nearshore and offshore phytoplankton F v /F m Nearshore-offshore differences in planktonic chlorophyll and phytoplankton nutrient status after dreissenid establishment Inland Waters (2013) 3, pp. 253-268 in 2007 were not significantly different, which is also consistent with our other nutrient status indicators in 2007.
Evidence for nearshore photoacclimation
The C:Chl ratio was much higher in the nearshore stations compared to the offshore, and we interpret these results as evidence that phytoplankton were adjusting their cellular Chl content in response to higher mean light intensity in the nearshore mixed layer. Concentrations of PC and Chl-a were both lower in the nearshore stations, as were PN, PP, and Psi; however, nearshore Chl-a was on average 40% that of the offshore station concentrations, while PC, PN, and PSi were on average 80% of the offshore concentrations, indicating a disproportionate decline in nearshore Chl-a compared to the other seston indicators.
The particulate C:Chl ratio has been demonstrated to increase in response to either N or P deficiency (Healey and Hendzel 1979) . In addition to being affected by N and P deficiency, the C:Chl ratio can be affected by light (MacIntyre et al. 2002) . The elevated C:Chl ratio in nearshore waters does not seem to be related to a greater nutrient deficiency because the C:P and C:N ratios, which are indicative of specific nutrient deficiencies, were not higher in the nearshore relative to the offshore. If the elevated C:Chl ratio in the nearshore was a result of detrital C it would be expected that the C:P and C:N ratios would also be higher nearshore, but they were not (Fig. 5) . In addition, both TSS (not shown) and AFDW (Fig. 3) were similar or lower in the nearshore relative to the offshore, and this would not be expected if the nearshore contained a higher proportion of detrital C compared to the offshore. North et al. (2012) report a similar significant difference in C:Chl in nearshore and offshore stations in the eastern basin of Lake Erie post dreissenid invasion. We conclude that the higher nearshore Chl:C ratio in Lake Simcoe is a result of phytoplankton photoacclimation to the higher mean light in the nearshore.
In Lake Simcoe, mean light intensity in the nearshore was on average 45% that of surface irradiance compared to 20% in the mixed layer at the offshore stations, and we anticipated that the photosynthetic parameters measured using our FRRF would reveal some differences between the 2 communities. In a review of marine field studies, Suggett et al. (2009) reported that the photosynthetic parameters F v /F m and σ PSII varied inversely with each other and varied with water column stability and phytoplankton cell size. Deep-mixing water columns with large phytoplankton exhibited higher F v /F m and lower σ PSII compared to more strongly stratified (and presumably higher mean light) water columns dominated by smaller phytoplankton cells (Suggett et al. 2009 ). Although in our study the differences were not significant, we did observe that when stratification was present, the nearshore F v /F m was lower and the σ PSII higher compared to the offshore stations. The nearshore stations experienced a higher light environment and also had a higher proportion of picophytoplankton size chlorophyll. Suggett et al. (2009) also reported extensively on the variability of photosynthetic parameters with taxonomic group. For example, cyanobacteria were reported to have lower F v /F m and σ PSII compared to other groups. Winter et al. (2011) reported that the majority of offshore stations in Lake Simcoe are dominated by diatoms while the one shallow station (C1) is dominated by cyanobacteria, cryptomonads, and chlorophytes after dreissenid establishment. These taxonomic differences in phytoplankton community structure between nearshore and offshore sites would be expected to result in different photosynthetic parameters. These findings, while not conclusive, indicate the potential utility of active fluorescence in revealing underlying mechanisms for nearshore-offshore differences in phytoplankton communities.
Prediction of phytoplankton chlorophyll using both TP and mean light
Our study has demonstrated the decoupling of the Chl:TP relationship in response to dreissenid establishment. This phenomenon was reported extensively for the Great Lakes by Nicholls et al. (1999) and more recently in a meta-analysis of dreissenid-impacted waterbodies by Higgins et al. (2011) . Dreissenid impacts are complex and difficult to quantify, especially the flux of nutrients (Arnott and Vanni 1996 , Idrisi et al. 2001 , Nadaffi et al. 2008 ; however, the impact of dreissenids on light intensity is relatively straightforward and can be more readily quantified (Reed-Anderson et al. 2000) . We hypothesized that incorporation of a measure of light in addition to TP would improve the prediction of Chl-a. Our correlation of Chl-a with mean light alone explained more of the variability of Chl-a in Lake Simcoe than TP alone, and the inclusion of both explained 50% of Chl-a variability.
Phosphorus has been demonstrated to be the limiting nutrient for phytoplankton growth in most lakes (Hecky and Kilham 1988) ; consequently, a high correlation between annual mean TP and Chl has been observed across lakes (e.g., Dillon and Rigler 1974) . Such TP correlations have been used to predict and to evaluate the benefit of controlling P inputs to reverse the effects of eutrophication. On shorter timescales and in lakes affected by other anthropogenic factors such as invasive species or impoundment, additional factors can become important in regulating phytoplankton growth and accumulation SJ Guildford et al. © Her Majesty the Queen in Right of Canada, as represented by Environment Canada 2013 of Chl. For example, top down control of phytoplankton biomass by zooplankton grazing during early summer results in a "clearwater" phase of lower Chl concentrations in many lakes that would not be predicted from any change in TP concentration (Kalff 2002) . Similarly, deep mixing in winter reduces mean light dramatically in deep temperate lakes, reducing Chl to concentrations that would not be expected to be strongly related to winter TP concentrations.
Reduced mean light as a result of erosion of shoreline materials in a newly flooded reservoir in northern Canada decoupled the TP:Chl relationship in a formerly P deficient system (Hecky and Guildford 1984 , Planas and Hecky 1984 , Guildford et al. 1987 . Guildford et al. (1994) observed that including mean light with TP increased the strength of the TP:Chl relationship in 9 relatively pristine, strongly P deficient lakes in northwestern Ontario, which spanned a large size range from 0.29 to 82 236 km 2 (Lake Superior). In that study, mean light intensity was lower in the larger lakes, and, as we observed in Lake Simcoe, Chl tended to be higher with lower mean light intensity (although the large lakes remained P limited).
Because one of the impacts of dreissenids seems to be a reduction in the predictive power of TP for Chl, lake managers might conclude that TP is no longer the primary factor controlling Chl in the post dreissenid system. In lakes where transparency has increased over time either in the whole lake, such as Lake Simcoe (Eimers et al. 2005) , or spatially in shallower water, we suggest that preand post-impact analysis of TP:Chl should also evaluate the impact of transparency on the relationship. In our Lake Simcoe data, inclusion of mean light substantially improved Chl-a predictions over TP alone. Because our study also establishes that the phytoplankton in Lake Simcoe are, in general, still P deficient, we predict that Lake Simcoe is still vulnerable to eutrophication from increased P inputs and would respond to further efforts to lower P concentrations in the lake.
